C hlorinated A rom atics, C opper C om pounds, C rystal Structure, Electrochem istry, H eterocycles Perchlorinated derivatives o f the com m on a -d iim in e chelate ligands 2,2'-bipyridine and 1,10-phenanthroline w ere synthesized and tested fo r their coordination behavior tow ards metal ions. O ctachloro-l.lO -ph en an th ro lin e (ocp) was o b tained via chlorination with P C I5 under pressure (300°C, 18 h). It fails to form stable com plexes w ith e.g. Fe2+, M n2+, Ru2+, N i2+, Z n 2+ or Cd~+, but yields com plex cations [M (ocp)2]+ w ith M = Cu, Ag. The crystal structure an aly sis o f the red tetrafluoroborate o f the copper(I) com plex cation reveals a distorted tetrahedral coordination at the metal w ith a slight tendency tow ards the trigonal-pyram idal arrangem ent; two essentially planar ligands w ith sm all bite angles intersect at alm ost right angle. Relative to conventional bis( 1,10-phenanthroline)copper(I) com plexes with sim ilar structures, [C u(ocp)2]+ has oxidation and reduction potentials shifted positively by about 1 V which leaves the energy o f the m ain M LC T absorption features little changed. A ttem pts to synthesize R u C h (o c p )2 in D M F produced as substituted product a sym m etrical b is(dim ethylam ino)-hexachloro-l,10-phenanthroline w hich can be oxidized electrochem ically in tw o steps. In contrast to ocp, octachloro-2,2'-bipyridine (ocb) show ed no detectable com plexation with C u+ and a very neg ative reduction potential, most probably due to its inability to exhibit a low -energy coplanar conform ation.
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Transition metal complexes with perhalogenated ligands have been investigated as potential oxida tion catalysts [1] , The reason is the lower activation of C-Hal vs. C-H bonds in highly oxidized interme diates towards dissociation, Hal+ ions being much poorer leaving groups than H+. Examples include especially macrocyclic ligands such as the por phyrins [1] , Small perchlorinated aromatic ligands were also used to investigate unusual and normally very reactive oxidation states such as Pt(III) [2] .
Perhalogenated derivatives of the standard adiimine chelate ligands 2,2'-bipyridine (bpy) and 1, 10-phenanthroline (phen ) have not yet been systematically studied although the parent com pounds and their organosubstituted derivatives were employed as ligands in arrangements for oxidation catalysis [3] . In particular, (1,10-phenanthroline)copper(I) complexes with their low-lying metal(d)-to-ligand(7r*) charge transfer * R eprint requests to Prof. Dr. W. Kaim. (MLCT) excited states have received wide attention because of their long-standing application in ana lytical chemistry [4] and their more recent uses as "chemical nucleases" in site-specific DNA cleavage [51 and as photoactivated catalysts [6] . The struc tures of such molecules are also of relevance for supramolecular chemistry, e.g. for the synthesis of catenates and knotted molecules [7] , for the under standing of the coordination and functioning of cop per centers in proteins [8] and for potential medical applications [9] , On the other hand, the interest in polychlorinated aromatics and their reactivity is prompted by at tempts to understand their behavior in the environ ment, i.e. their oxidative or hydrolytic degradation (or lack thereof) by enzymes such as cytochrome P-450 [10] .
In this contribution we describe optimized syntheses of the compounds octachloro-1, 10-phenanthroline (ocp) [ 11] and octachloro-2,2'-bipyridine (ocb) [ 12] , the inadvertent formation of a disubstituted derivative, bis(dimethylamino)-hexachloro-l,10-phenanthroline (1), and the re actions of these potential ligands with sev eral metal compounds. The crystal structure of [Cu(ocp)2](BF4) is presented as are its spectro scopic and electrochemical data.
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Results and Discussion

Syntheses
Ocp, previously reported [11] only as a minor contaminant product of the liquid phase chlorination of 1,10-phenanthroline (phen) with S 0 2C12/C0C12, was obtained in 64% isolated yield via the reac tion of phen with PCI5 under rather drastic condi tions (autoclave, 300°C, 18 h). Analytical data ( l3C-NMR, MS) confirm the identity of this material.
Prolonged reactions of ocp in refluxing THF or methanol/dichloromethane mixtures with a variety of metal salts showed no color change and resulted only in the isolation of starting material: FeCL, RuCl2(DMSO)4, Mn(C104)2*6H20 , [Cp*RhCl2]2, NiCl2«6H20 , Ni(C104)2*6H20 , ZnCl2, Zn(C104)2*6H20 , CdBr2, C d (N 0 3)2*4H20 , Cd(C104)2*H20 and ClAu(PPh3)/AgPF6. This observation already indi cates a clear difference to the reactivity of phen itself [13] , probably caused by a combination of high steric demand and a reduced chelate basic ity due to the eightfold substitution with electronwithdrawing Cl.
An attempt to synthesize Ru(ocp)2Cl2 in a man ner described [14] for Ru(bpy)2Cl2 did not yield the desired metal complex but an organic prod uct identified by its 'H and 13C NMR spectra as a symmetrical bis(dimethylamino)-hexachloro-1, 10-phenanthroline (1). Apparently, a nucleophilic sub stitution has occurred under these conditions (refluxing DMF).
ocp + 2 H C (0)N M e2 -> 1 + 2 CO + 2 HC1
While the steric situation makes a 5,6-or 4,7-substitution unlikely, we are not able to distinguish between the two other alternatives, i.e. 2,9-and 3,8-substitution. Following conventional heterocyclic chemistry, the substitution at the two activated 2,9-positions neighboring the metal-chelating nitrogen centers is very plausible, especially in view of the steric situation; however, the substitution at the 3,8-sites must also be considered since the low-lying unoccupied bi molecular orbital (tt* ) has large MO coefficients there. 1,10-Phenanthrolines and their derivatives are distinguished by the presence of two very close lying unoccupied tt MOs (bi, a?) of very different character [15] .
Attempts to use 1 as a ligand towards CuCl or [Cu(CH3CN)4](BF4) failed (no reaction), the electrochemical oxidation produced two close-lying waves (c f below).
Reaction of ocp with CuCl gave reddishto-purple materials which were not persistent enough to isolate them as pure compounds. The configurational lability and facile conver sion of coordinatively unsaturated ch lo ro (l,10-phenanthroline)copper compounds had been de scribed recently [9a] . All attempts to pre pare mixed-ligand complexes [16] ) . The apparent restriction of the coordination of ocp to ions which prefer to form tetrahedral complexes or those with even lower coordination numbers is reminiscent of the similar (and analytically useful [4] ) selectivity of 2,9-diorgano-l,10-phenanthrolines [7, 17] . Neither the octahedral nor the square planar configuration tolerate large ortho-substituents whereas a tetrahe dral arrangement is possible. In this context it is worth noting that the steric demand of a chlorine substituent is only slightly smaller than that of a methyl group [18] .
In contrast to ocp, octachloro-2,2'-bipyridine (ocb) did not react with |C u(C H 3CN)4](BF4) or RuCh/DMF. Due to strong interference between the chlorine substituents in the 3,3'-positions this molecule is not able to form the cis-coplanar con formation required for metal chelate binding; a monodentate coordination mode could not be es tablished.
Structure o f [ C u ( o c p ] ( BF+ )*C H 2C h
The results of the structure determination are summarized in Table I , Fig. 1 , in the Experimen tal Section, and in the following paragraphs.
The molecular structure of [Cu(ocp)2]+ in the crystal of the solvate is shown in Fig. 1 . There are no unusual intermolecular contacts between the cations or between cation, solvent molecule and tetrafluoroborate anion.
There are a number of structures available for substituted bis( 1,10-phenanthroline)copper(I) com plex cations [9, 19, 20] . Similar to these species, the cation in (Cu(ocp)2](BF4) is in a distorted tetrahe dral environment between two chelating heterocy cles with a dihedral angle of 88.9°. While the Cu-N bond distances are similar to those in 2,9-dialkyl derivatives [9, 19] , the bite angles N-Cu-N are a bit smaller (< 79°) than in these analogues (> 81°) [9, 19, 20] . The latter may reflect multiple close C l-C l contacts.
The coplanarity of the individual ligand molecules ocp is remarkable insofar as it implies sizeable non-bonding interactions of adjacent chlo rine substituents. The smallest of such distances were found at 293.3 pm between Cl 14 and Cl 15 and at 294.9 pm between C124 and C125, i.e. be tween those chlorine atoms which are bound to the shortest, most "olefinic" C-C bonds C15-C16 (137.3(11) pm) and C25-C26 (135.2(8) pm). All contacts between adjacent chlorine substituents are smaller than 311.4 pm and lie thus significantly below the sum of the van der Waals radii (approx imately 360 pm [18] ). Significant ir back bonding between the electron-rich d 10 center Cu(I) and the n acceptor ligand ocp is probably favoring a coplanar structure of the latter. cion 2477 (2) 8361 (1) 1 5 5 0 (1 ) 45 1) Cl ( 12) 1741 (2) 9249 (1) 1 4 4 (1 ) 48 1
2487 ( Careful inspection of the angles at the copper center reveals a slight distortion in the directions typical [7a, 21] for a trigonal pyramidal situa tion. The center N21 makes larger N-Cu-N an gles > 130° with the opposite ocp ligand than the center N22 (< 123°). Even more pronounced dis tortions were found in 2,9-diaryl-substituted (1,10-phenanthroline)copper(I) complex cations [20] ,
E lectroch em istry an d UV/Vis sp ectroscopy
To investigate the electronic effects of perchlorination further we carried out electrochemical stud ies of the ligands and complexes. Fig. 2 shows the cyclic voltammogram of the structurally character ized complex [Cu(ocp)2](BF4), Table II contains the  results. Both free ligands, ocp and ocb, are reduced only irreversibly because of the presence of dis sociable chloride substituents. In contrast to the non-perchlorinated parent molecules phen and bpy (which exhibit very similar potentials for reversible reduction [15] ), ocb shows a much more nega tive cathodic peak potential than ocp (Table II) . The reason lies in the inability of ocb to achieve a low-energy coplanar conformation with two 7r-conjugated tetrachloropyridyl rings; on the other hand, ocp should be a largely planar molecule with a fully conjugated t t system. In cyclic voltammetry experiments, the (un)-substituted bis( 1,10-phenanthroline)copper(I) com plex cations show typically three reversible redox processes, one oxidation at fairly low potential and two close-lying one-electron reductions at negative potentials [22] . It was recently demonstrated [8a] that the former process corresponds to a Cu(I) -> Cu(II) transition whereas the first reduction wave produces a copper(I) complex of a phenanthroline anion radical ligand and not a "Cu(0)" species [22c].
The perchlorinated compound [Cu(ocp)2](BF4) exhibits a different pattern when studied in CH2CI2/O.I M Bu4NPF6: It is still oxidized reversibly albeit at a fairly high potential to an EPR de tectable Cu(II) species (gy = 2.234, gj_ = 2.071, Ay = 15.0 mT). This reversibility confirms the stabil ity of the ocp ligand towards oxidative degradation. However, the poor a basicity of the perhalogenated chelate ligand stabilizes the metal d orbitals and thus considerably increases the oxidation potential (Table II) .
Conversely, the (presumably ligand-centered [8a]) reduction of [Cu(ocp)2](BF4) is facilitated by about 1 V in comparison to organosubstituted derivatives (Table II) . However, this reduction pro cess is now completely irreversible, most proba bly due to the facile loss of chloride. A similarly irreversible reduction has been reported for bis(5-chloro-l,10-phenanthroline)copper(I) cation [22b] .
The analogous silver compound [Ag(ocp)2](PFf,) exhibits irreversible oxidation and reduction at shifted values (Table II) : The positive shift of the oxidation potential confirms the lower stability of Ag(II) as compared to Cu(II), and the negatively shifted reduction reflects the diminished polariza tion of ligand tt systems by the larger Ag+ ion. The briefly mentioned oxidation processes of compound 1 occur at 0.84(60) and 1.00(60) V (Table  II) . This behavior is not unexpected for an organic two-step redox system of the Wurtz type [23] , i.e. two oxidizable dimethylamino groups are weakly coupled via the 7r ligand. The relatively small dif ference of 0.16 V for the two redox potentials is better in agreement with a 2,9-disubstitution pat tern than with the 3,8-disubstituted isomer.
According to the electrochemical results presented here perchlorination of bis( 1,10-phenanthroline)copper(I) species shifts both the ox idation and the reduction to higher values by about 1 V. Thus the multiple acceptor effect of eight chlo rine substituents lowers the energy of the ligand 1r* orbital and of the metal d orbitals considerably to about the same extent. Similar effects have been observed for related complexes of a-diim ine Nheterocycles [24] .
In agreement with these electrochemical results, the maximum of the intense MLCT absorption of [Cu(ocp)2](BF4) occurs at only slightly longer wavelengths (486 nm) than those of organosub stituted analogues (< 478 nm) [22b], There are at least three discernible bands in the longwavelength MLCT region of the absorption spec trum of [Cu(ocp)2](BF4) (Fig. 3) . The occurrence of several individual bands is the result of a num ber of allowed and forbidden transitions which can occur from the five filled metal d orbitals of copper(I) (3d10) to the two low-lying 7r* acceptor MOs Summarizing, the perchlorinated 1,10-phenan throline ocp ligand differs from the parent hete rocycle and from organosubstituted derivatives by being a much better 7r acceptor, but also a distinctly poorer a donor. In addition, the steric requirements of the chlorine substituents, especially those in 2,9-positions, convey an inability to coordinate in oc tahedral complexes. Ocp is thus a new kind of substituted 1, 10-phenanthroline ligand which com bines steric constraints as known from neocuproine and other 2,9-diorganosubstituted derivatives with a strongly enhanced 7r-acceptor capability. Tetrahe dral (as shown here) or, possibly, trigonal bipyramidal coordination geometries [26] are probably bet ter suited to apply the unique features of that new hydrogen-free acceptor ligand.
Experimental Section
Synthesis
All reactions involving metal com pounds were per form ed under argon in dried and purified solvents.
Perchlorinated ligands and com plexes have to be han dled with utm ost care [ 10] to avoid skin contact or other body intake. O ctach lo ro -2 ,2 '-bipyridine was obtained as described previously [ 12] .
Octachloro-1,10-phenanthroline (ocp):
An autoclave charged w ith 1,10-phenanthroline (2.342 g, 0.013 mol) and PCI5 (100.0 g, 0.480 mol) w as heated rapidly to 300°C and then m aintained at this tem perature for 18 h. The autoclave w as allow ed to cool and vented to release the HC1 form ed during the reaction before the vessel was opened. T he product was then hydrolyzed by slow addition o f ice. T he crude product was dissolved in 600 ml o f toluene and dried over Na^SCU. 
Instrumentation
EPR spectra were recorded in the X band on a B ruker System ESP 300 equipped with a B ruker E R 035M gaussm eter and a H P 5350B m icrow ave counter. 'H and l3C N M R spectra w ere taken on a B ruker AC 250 spec trom eter. U V/Vis absorption spectra w ere recorded on Perkin E lm er L am bda 14 and B ruins Instrum ents O m ega 10 spectrophotom eters. A Perkin E lm er fluorescence spectrom eter LS-3B was used for lum inescence studies. C yclic voltam m etry was carried out in solvents contain ing 0.1 M BU4N PF 6 using a three-electrode configuration (glassy carbon or platinum w orking electrode, Pt counter electrode, A g/A gC l reference) and a PAR 273 potentiostat and function generator. T he ferrocene/ferrocenium couple served as internal reference. A tw o-electrode capillary was used for EPR studies. 
Structure determination
